Abstract Compensation growth and chemical defense are two components of plant defense strategy against herbivores. In this study, compensation growth and the response of primary and secondary metabolites were investigated in Brassica rapa plants subjected to infestation by two herbivores from contrasting feeding guilds, the phloem-feeding aphid Brevicoryne brassicae and the leaf-feeding caterpillar Pieris brassicae. These specialist herbivores were used at two different densities and allowed to feed for seven days on a young caged leaf. Changes in growth rates were assessed for total leaf area and bulb mass, whereas changes in primary and secondary metabolites were evaluated in young and mature leaves, roots, and bulbs. Mild stress by caterpillars on young plants enhanced mean bulb mass and elicited a contrasting regulation of aliphatic and indolic glucosinolates in the leaves. In contrast, mild stress by aphids enhanced leaf growth and increased glucosinolate concentrations in the bulb, the most important storage organ of B. rapa. A similar mild stress by either herbivore to older plants did not alter plant growth parameters or concentrations of the metabolites analyzed. In conclusion, Brassica plant growth was either maintained or enhanced under mild herbivore stress, and defense patterns differed strongly in response to herbivore type and plant development stage. These results have implications for the understanding of plasticity in plant defenses against herbivores and for the management of Brassica rapa in agroecosystems.
Introduction
Severe stress by insect herbivores can lead to detrimental losses in tissues of the attacked plant, whereas mild stress inflicted by a relatively low herbivore density might allow the plant to effectively counteract the losses (Maschinski and Whithman 1989; Schmidt et al. 2009; Zvereva and Kozlov 2012) . Attacked plants might invest in compensation growth (Strauss and Agrawal 1999) , along with re-allocation of primary metabolites (Schwachtje et al. 2006; Schwachtje and Baldwin 2008) , or in chemical defense (Karban 2011; Textor and Gershenzon 2009) . Responses are species-specific, and they can continue or even increase in the period following disappearance of the herbivore (Gutbrodt et al. 2011b; Kaplan et al. 2008) . To allow compensatory growth after transient herbivory events, the plant might transfer primary metabolites preferentially to storage organs located above-or belowground including bulbs, tubers, or roots (Schwachtje et al. 2006; Schwachtje and Baldwin 2008) . For example, upon damage by grasshoppers to maize plants (Holland et al. 1996) or white buffalo grass ecotypes (Dyer et al. 1991) , carbon is allocated preferentially to the roots. An herbivoreelicited increase in primary metabolism, in combination with allocation of the new primary metabolites to tubers, has been postulated as the dominant mechanism underlying an increase in tuber production after potato plants were subject to leaf herbivory by the Guatemalan potato moth Tecia solanivora (Poveda et al. 2010) .
Plant regrowth in combination with defense strategies also has been documented in response to insect herbivory. When attacked by the nicotine-adapted Manduca larvae, wild tobacco plants tune their repertoire of induced defenses for maximal effectiveness, but also begin to allocate recently fixed carbon into their roots. Once in the roots, the carbon can be used to sustain seed production at the end of the plant's life, after the Manduca larvae have pupated (Kessler and Baldwin 2004; Voelckel and Baldwin 2004) . The evolutionary advantages accruing to plants with combined induced defense and regrowth compensatory abilities are clear. Knowledge of the mechanisms resulting in induced defense and compensatory growth is increasing rapidly, but our ability to predict the levels of plant response that will occur in any given plant system upon herbivory is still relatively poor (War et al. 2012) . Furthermore, how such plant responses can be manipulated from the perspective of human exploitation of agroecosystems is not yet clearly understood.
Most plants face damage by multiple insect herbivore species, which in most cases feed differentially on the plants (Agrawal 1998; Delaney and Macedo 2001) . However, evidence for differential patterns of plant response according to the insect-feeding mode (i.e., feeding guild) is scarce. Recently, the responses of cotton plants to two insect herbivores from different guilds, the leaf-feeding Spodoptera littoralis and the piercing-sucking two-spotted spider mite Tetranychus urticae, were documented (Schmidt et al. 2009 ). After short-term caterpillar feeding, leaf growth and water content were decreased in damaged leaves. The glutamate/glutamine ratio increased, and other free amino acids also were affected. In contrast, spider mite infestation did not affect leaf growth or amino acid composition, but led to an increase in total nitrogen and sucrose concentrations. Differences in glucosinolate accumulation by Arabidopsis thaliana plants in response to our herbivores, the phloem-feeding Myzus persicae and B. brassicae aphids and the leaf-feeding Spodoptera exigua and Pieris rapae also were recently documented (Mewis et al. 2006) . Whereas herbivory by M. persicae, B. brassicae, and S. exigua led to increased aliphatic glucosinolate contents, herbivory by P. rapae did not alter aliphatic glucosinolate content, but led to slight increases in indole glucosinolates. Thus, how plants adjust their growth and defense strategies in response to herbivore feeding mode warrants further investigation.
Brassica species are excellent models for investigating the evolution of herbivore defenses due to their particular chemical constitution of secondary plant metabolites, specifically glucosinolate compounds, also known as mustard oil glucosides (reviewed by Hopkins et al. 2009 ). These compounds derive from amino acids, and three major groups are recognized: indol glucosinolates derived from tryptophan, aliphatic glucosinolates derived from methionine, and aromatic glucosinolates derived from phenylalanine or tyrosine (Hopkins et al. 2009; Kiddle et al. 2001) . Glucosinolates themselves show little biological activity (Winde and Wittstock 2011) . However, upon hydrolysis by myrosinases, they are transformed to bioactive products responsible for toxicity and deterrence, such as isothiocyanates, thiocyanates, nitriles and epithionitriles (Hopkins et al. 2009; Winde and Wittstock 2011) . Like many other defense metabolites, glucosinolates are present constitutively in plants, but also are inducible following herbivore damage or simulated damage. The amounts induced vary depending on the organ, developmental stage, and genotype (Textor and Gershenzon 2009 and references therein) . Glucosinolates can act as toxicants, deterrents, and/or plant resistance compounds against generalist herbivores (Agrawal 1998; Gutbrodt et al. 2011a ). However, some specialist insects are able to overcome the deleterious effects of glucosinolates and have evolved behavioral mechanisms to use such compounds as oviposition cues and/or as feeding attractants or phagostimulants (Renwick and Lopez 1999; Renwick 2002; Klaiber et al. 2013 ). Many specialist insects have physiological mechanisms to detoxify, sequester, and even use these compounds (Ferreres et al. 2007 (Ferreres et al. , 2008 . In case of attack by these specialists, it would be beneficial for plants to respond by rapid regrowth or compensation rather than by overproduction of glucosinolates.
In this study we used the system comprised of B. rapa and two Brassica specialist insect herbivores, the cabbage white Pieris brassicae caterpillar, a chewing leaf-feeder, and the cabbage aphid Brevicoryne brassicae, a sucking phloemfeeder. We evaluated how B. rapa plants respond to mild herbivore stress inflicted by these insects from contrasting feeding guilds. Turnip Brassica rapa var. rapa cv. Atlantic (syn. B. campestris) is a remarkable brassicacean crop in which both the leaves and the bulbous taproot, which is visible as a bulb above the soil surface, are edible and have been consumed by humans since prehistoric times (GomezOcampo and Prakash 1999) . The combination of these agronomic traits with further traits useful for scientific investigations, including the easy accessibility of the storage organ bulb to growth measurements, and the relatively good knowledge of B. rapa main secondary metabolites, the glucosinolates, render this plant a suitable model to test the effects of herbivory on plant regrowth and defense responses. Herbivory effects on plant morphometric growth parameters as well as on primary and secondary metabolites of B. rapa are addressed here. Plants were subjected to two intensities of herbivory inflicted by i) the caterpillars of P. brassicae as the chewing leaf-feeder and ii) B. brassicae aphids as the sucking phloem-feeder during a period of 7 d. The effect of these insects from contrasting feeding guilds on growth and selected primary and secondary metabolites were assessed prior to insect infestation, at the time of insect removal after 7 d of infestation, and 14 d after the onset of the experiment. Plants were used at two growth stages, with the young plants in an intense growth phase in contrast to the older plants.
Methods and Materials
Experimental Set-up Brassica rapa plants were grown from pre-germinated seeds in a standard cultivation substrate comprising 30 % sterilized soil, 25 % bark compost, 20 % sand, 15 % peat compost, and 10 % perlite by volume (Ricoter, Erdaufbereitung AG, Aarberg, Switzerland). Plants were grown and maintained in growth chambers under day:night conditions of 14:10 h L:D cycle at 24/20°C and 50-70 % relative humidity (r.h.). Plants were fertilized once a week (Wuxal liquid fertilizer, concentration 0.5 ml/L, N:P:K 10:10:7.5, Maag Syngenta Agro, Dielsdorf, Switzerland) and rotated within the chambers every week to avoid positional effects. Fourteen days after germination, seedlings were transplanted to 2-L pots. Transplanted seedlings were allowed to grow for either 11 d (i.e., 25 d-old plants = young plants) or for 31 d (i.e., 45 d-old plants = older plants) and were then used for insect infestation.
The B. brassicae aphid stock colony (originating from field-collected parthenogenetic females in the region of Zurich, Switzerland) was reared on cabbage (Brassica oleracea var. gemmifera) under controlled conditions for at least 20 generations (16:8 h L:D cycle at 24/18°C, and 50 % r.h.; Klaiber et al. (2013) ). The P. brassicae caterpillar stock colony, originating from four different European laboratory colonies (Bauer et al. 1998; Ruf et al. 2010) , was reared on cabbage plants as a single colony under controlled conditions for at least 20 generations (16:8 h L:D cycle at 21±1°C, and 50-70 % r.h.; Mattiacci et al. (2001) ). Both stock colonies were maintained inside insect rearing cages (30×30×30 cm) (BugDorm, Megaview Science CO., Ltd., Taichung, Taiwan).
Evaluation of Threshold Caterpillar Density
To determine the threshold density of feeding P. brassicae caterpillars that potentially could lead to an increased bulb mass, and to evaluate whether a fixed number of caged versus uncaged caterpillars on the plant would elicit a similar effect, we conducted the following evaluative experiment: nine P. brassicae caterpillars in the first to second instar were placed onto a mesh cage (26 cm long, 16 cm wide, with a diameter of 10 cm at the end) mounted to the third youngest leaf of 25 d-old plants. Nine or 18 uncaged caterpillars were added. For the controls without caterpillars, plants had an empty cage or no cage (marked with an * below). The resulting densities of caged plus uncaged caterpillars per plant were: 0*+0 (undamaged control); 0*+9; 9+0 (treatments allowing comparison of effects of caged vs. uncaged caterpillars); 9+9; 9+18 (N=10 plants per treatment) (Fig. 1) . Caterpillars were allowed to feed for 7 d. All caterpillars were removed at d 7, and the fresh bulb mass of the plants was assessed at d 14. Based on the outcome of this evaluative experiment (see Results section), further experiments were conducted with P. brassicae caged caterpillars at a density of 9 per plant, and an even lower density of 3 caged caterpillars/ plant. The two infestation levels chosen for B. brassicae aphids also differed by a factor of 3, and were set (based on the results of a parallel evaluative experiment not shown here) to 5 (low density) and 15 (high density) winged adults per plant, respectively.
Effect of Mild Herbivore Stress on Plant Parameters We determined whether and how mild stress inflicted by the two specialist herbivores affects plant growth morphometric parameters and plant chemistry, with carbohydrates and glucosinolates as primary and secondary metabolites, respectively.
Inflicting Mild Herbivore Stress Experiments were conducted separately for each herbivore at two plant growth stages, i.e., starting with 25 d or 45 d-old B. rapa seedlings. At the beginning of the experiments, 10 undamaged control plants were randomly selected in order to assess constitutive levels of primary and secondary metabolites after plant growth morphometric parameters had been measured. The remaining 60 plants per experiment were randomly assigned in equal shares in groups of 20 to one of the three following treatments: untreated, infested with lower or infested with higher herbivore density, i.e., 3 or 9 caterpillars in the experiments with P. brassicae, and 5 or 15 aphids in the experiment with B. brassicae. Irrespective of the treatment, a mesh cage as described above was mounted to the third youngest leaf of each plant for 7 d. For infestation in the caterpillar experiment, first to second instar P. brassicae were transferred with a fine brush onto the caged leaf. For infestation in the aphid Fig. 1 Bulb mass (g) of young Brassica rapa plants that were subjected to different densities of Pieris brassicae caterpillars for 7 d before the caterpillars were removed. Caterpillars were used at the following ratios of caged (on the third youngest leaf) and uncaged individuals: 0+0 (= undamaged), 0+9; 9+0; 9+9; 9+18. Bulb mass was assessed 14 d after onset of infestation. Contrasting letters refer to significant differences (one-way ANOVA followed by a Tukey HSD post hoc test, with α= 0.05). N=10 plants per density treatment experiment, B. brassicae winged adults were transferred with a sucking tube onto the caged leaf. For untreated plants, leaf cages remained empty. Insects were allowed to feed for 7 d, and were then removed. A subset of 10 plants per treatment was used for primary and secondary metabolite profiling after plant growth morphometric parameters had been assessed. The remaining subset of 10 plants per treatment (totaling to 30 per experiment) was measured and analyzed likewise on d 14. A total of 70 plants were used for each experiment and per herbivore species.
Quantification of Leaf Area, Relative Growth Rate and Bulb Biomass To quantify leaf area we followed the method specified in Walter and Schurr (1999) . The outlines of individual leaves from 25 d-old B. rapa plants were drawn on a piece of paper (density 80 g m
−2
). The image of each individual leaf then was cut out and its mass was determined. The area of the original leaf was calculated, taking paper density into account. The product of leaf length and leaf width (rectangular enclosure of the leaf shape) was plotted against the true leaf area. The slope of the fit line of all these plotted pairs of values equals the leaf shape factor, by which the product of leaf length and width has to be multiplied to result in the true leaf area of each individual leaf. Healthy leaves from ten uninfested plants were used to calculate the individual leaf area, resulting in a shape factor of 0.6725 (R 2 =0.95738, N= 87) (Online Resource 1). The total leaf area (TLA) of each plant was calculated as the sum of all individual leaf areas.
Since growth intensity of individual leaves often is distributed binomially within the canopy of monopodial plants (Walter and Schurr 1999) , TLA often can be extrapolated from the analysis of the leaf area of the largest individual leaf. Hence, all individual leaf areas were recorded in a preliminary experiment to evaluate whether TLA of a high replicate number of plants can be assessed rapidly from precise measurement of the largest individual leaf of each plant throughout the main experiments. To assess this relationship, leaf areas were analyzed in plants from three different developmental stages. The first and last stages correspond to the developmental stages used throughout the bulk of this study. Plants were analyzed 25, 32, and 39 d after germination, respectively, corresponding to days 0, 7, 14 after the onset of the experiment (N=10 plants). The correlation of the largest leaf area to TLA was established, resulting in the equation TLA= 160.01e 0.0089x (R 2 =0.9709) (Online Resource 2). The average area of the third youngest leaf amounted to 75.7±3.8 cm 2 (N= 20 plants), corresponding to 22±5 % of the total leaf area.
Relative growth rates (RGR) of TLA were calculated for two intervals after initial infestation. The first quantification was done for the period between d 0 and d 7, and the second one for the period between d 7 and d 14. RGR for TLA of each plant was calculated as: RGR (%d −1 )=100×(ln (A t2 /A t1 ))/(t2 −t1), where A t2 was TLA on d t2 and A t1 was TLA on d t1 (Walter and Schurr 1999) (N = 10 plants per density/ assessment day). Bulb fresh biomass was quantified after destructive sampling 7 and 14 d after initial infestation, using an analytical balance Mettler-Toledo AT-261 (Mettler-Toledo GmbH, Greifensee, Switzerland; accuracy: 0.1 mg). The central portion of the bulb was frozen and kept for chemical analysis.
Plant Metabolites For carbohydrate analysis, 20 mg samples of finely ground lyophilized plant material consisting of the first two youngest leaves (the seventh and eighth leaves counting from cotyledons upwards) and a mature leaf (fourth leaf counting from cotyledons upwards), the central portion of the bulb, and approx. 5 cm of the proximal region of the roots were extracted independently by immersing them three consecutive times in ethanol 80 % (1 ml). In the resulting extracts, the amounts of glucose, fructose, and sucrose were determined using the commercial K-SUFRG kit (Megazyme International Ireland Ltd., Bray, Co. Wicklow, Ireland) based on the enzymatic methods developed by Outlaw and Mitchell (1988) , Beutler (1988) , and Kunst et al. (1988) . The residual pellet obtained after extraction of soluble carbohydrates was used for total starch determination according to the enzymatic method by McCleary et al. (1994) using the commercial K-TSTA kit (AOAC Method 996.11, Megazyme International Ireland Ltd., Bray, Co. Wicklow, Ireland). Basically, starch in the pellet was hydrolyzed to glucose by subsequent incubations of 6 min at 100°C with a thermostable α-amylase, and 30 min at 50°C with amyloglucosidase. The glucose obtained was quantified using a colorimetric reaction employing peroxidase and the production of a quinoeimine dye. Procedures were followed according to manufacturer instructions, and changes in absorbance at 340 nm for soluble carbohydrates, and 510 nm for starch content were measured with an Enspire 2300 Multimode Plate Reader (PerkinElmer, Switzerland).
Glucosinolate analysis was based largely on the method by Klaiber et al. (2013) . Samples (10 mg) of finely ground lyophilized plant material, consisting of the first two youngest leaves (the seventh and eighth leaves counting from cotyledons upwards) and a mature leaf (fourth leaf counting from cotyledons upwards), central portion of the bulb, and approx. 5 cm of the proximal region of the roots were used. The purification technique followed the basic Sephadex/ sulphatase Arabidopsis protocol by Kliebenstein et al. (2001) , with minor modifications. Each lyophilized 10 mg sample was placed first into a deep-well microtiter tube (Qiagen, Basel, Switzerland). Methanol (400 μl), lead acetate 0.3 M (10 μl), and mQwater (120 μl) were added to the tubes. After incubation for 60 min, extracts were centrifuged (3700 rpm, 12 min), and supernatants (300 μl each) were loaded onto Sephadex A25 columns each (Sigma-Aldrich, Buchs, Switzerland) together with glucotropaeolin (12 μl) (Phytoplan, Heidelberg, Germany) as the internal standard.
Columns were washed four times with 60 % methanol (100 μl) and centrifuged (1000 rpm, 2 min). Columns were rehydrated with mQwater (10 μl), and sulfatase solution (Sigma-Aldrich, Buchs, Switzerland) was added (10 μl) for glucosinolate desulfonation. After incubation overnight, the desulfoglucosinolates were washed with 60 % methanol (100 μl), eluted with mQwater (100 μl), and analyzed by HPLC on an Agilent 1200 Series instrument (Santa Clara, CA, USA) equipped with a diode array detector. A SymmetryShield RP18 column (4.6×150 mm, 5 μm particle size, Waters Corporation, Milford, MA, USA) was used with a flow of 1 ml min −1 and constant temperature of 30°C. A gradient of water (solvent A) and acetonitrile (solvent B) was used: 100 % A (3 min), a gradient from 0-25 % B (23 min), 25 % B (1 min), a gradient from 25-0 % B (9 min), and 100 % A (4 min). Chromatograms were recorded at 229 nm. Concentration of each glucosinolate was calculated based on its molecular weight (Mw) and the ratio between the peak area of this specific glucosinolate (Area g) in the sample to the peak area of the internal standard glucotropaeolin (Area s) in that sample, as described by Ediage et al. (2011) : glucosinolate concentration (mg/g)=RF×(Area g/Area s)×(n/m)×(Mw/ 1000), whereby RF= response factor; n= μmoles of the internal standard; m= sample mass (g). The RF values used for those glucosinolates for which a reference sample was not available were theoretical values as described by Wathelet et al. (2004) .
Statistical Analyses Data were transformed to meet the assumptions of normality and heteroscedasticity when necessary. Glucosinolate concentrations were log 10 (x+1) transformed, and relative growth rates were arcsin (√x) transformed. Carbohydrate concentrations in young plants were analyzed with a two-way ANOVA for insect density and days after initial infestation as factors. Differences between treatments were assessed by Tukey HSD α=0.05 post hoc test when necessary. Glucosinolate concentrations were analyzed with a MANOVA (Pillai's trace test) on each tissue and for young and older plants. Significant effects in the insect density response for tissues were used as indicators of glucosinolate induction for that specific tissue. Further statistical analysis then was performed for total glucosinolates as well as for each glucosinolate group (aliphatic, aromatic, indolic) per tissue by using two-way ANOVAs with insect density and days after initial infestation responses. Differences between subject factors were assessed by Tukey HSD post hoc test when necessary. This hierarchical procedure allowed us to avoid the performance of a large number of ANOVA analyses to test each combination, and therefore avoid incorrect rejection of a true null hypothesis, or the failure to reject a false null hypothesis. All statistical analyses were conducted using JMP 9.0 (2010 SAS Institute Inc.) RGR of TLA was analyzed with repeated measures MANOVA using JMP 9.0. Bulb mass was analyzed with a two-way ANOVA with insect density and days after initial infestation responses. Differences between treatments were assessed by Tukey HSD α=0.05 post hoc test when necessary. Bulb mass comparison for the threshold experiment was tested with a one-way ANOVA, with density of P. brassicae caterpillars as the main factor.
Results
Determination of Caterpillar Threshold Density Results on P. brassicae caterpillar threshold density (Fig. 1) suggest that herbivore infestation level had a significant effect on bulb mass (one-way ANOVA; F 4,45 =2.859; P=0.034). A relatively low infestation of 9 larvae/plant, whether caged or uncaged, led to a slightly increased bulb mass compared to the untreated control, although differences were not significant (Fig. 1 ). These 9 caged larvae/plant consumed the third youngest leaf almost completely (P. Sotelo, pers. observation). The high infestation density of 9 caged and 18 uncaged larvae/plant significantly reduced bulb mass compared to the lower infestation with 9 caged larvae/plant or 9 uncaged larvae/plant, respectively (Fig. 1) .
Effect of Mild Herbivore Stress on Plant Parameters
In young plants infested with 3 or 9 leaf-feeding P. brassicae caterpillars for 7 d, RGR of TLA was not affected (Online Resource 3). Bulb mass attained higher mean values 14 d after the onset of infestation, i.e., 7 d after removal of the caterpillars, compared to the control (mean ± SE for the lower herbivore density: 45.6±4.1 g; for the higher density: 42.2±2.2 g; for control: 37.0±1.6 g) (Online Resource 4). Thus, under mild herbivore stress inflicted by the caterpillar, mean values for bulb mass attained 123 % and 114 % of the control bulb mass, (Fig. 2 ), but these differences marginally missed the level of significance (two-way ANOVA; F 2,81 =2.69, P=0.074, N=10 plants per density treatment). Even after removal of the herbivores at 7 d, mean bulb mass had attained 112 % of the control in plants subjected to the lower herbivore density (Online Resource 4). In older plants infested with caterpillars for 7 d, RGR of TLA was not affected (Online Resource 3). Bulb mass of infested plants attained the same level as in the control 14 d after the onset of infestation, as well as immediately after removal of the caterpillars (14 d: lower density 99 %, higher density 101 %; 7 d: lower density 99 %; higher density 96 %; Online Resource 4). In young plants infested with 5 or 15 phloem-feeding B. brassicae aphids for 7 d, RGR of TLA was significantly increased 14 d after the onset of infestation, i.e., 7 d after removal of the aphids, compared to the control (two-way ANOVA; F 2,27 =10.94, P=0.001, N=10 (Fig. 2) . RGR of TLA values attained 217 % for the lower and 270 % for the higher aphid density (RGR of TLA in control plants: ). Immediately after removal of the herbivores at 7 d, mean RGR of TLA amounted to 119 % compared to the control (Online Resource 3). Bulb mass was not significantly affected by aphid infestation, either at 14 d (although bulb mass was 20 % lower in plants infested with 15 aphids compared to control plants) (Fig. 2) or at 7 d (Online Resource 4). In older plants infested with aphids, neither RGR of TLA nor bulb mass was significantly affected (Online Resource 3 and 4).
Carbohydrate Concentrations In young plants that had been infested with caterpillars for 7 d at the lower density, the concentration of certain carbohydrates was significantly altered in young leaves and in the bulb (Tables 1 and 2) , whereas in the other tissues analyzed, mature leaves and roots, no differences were observed (details not shown). The concentration of glucose (the main storage compound) was significantly reduced in the bulb by 39 % compared to the control (Table 2) . At the higher density, reduction of mean values compared to the control amounted to 25 %, but this difference was not significant. At day 14, when the low-density treatment resulted in enhanced mean bulb mass (Fig. 2) , glucose concentrations were comparable between the treatments. By then, starch concentration in young leaves of plants subjected to mild caterpillar stress at both densities was higher than in the control (Table 2) , with the increase amounting to 184 % for the lower and 143 % for the higher caterpillar density, respectively (Table 2). At day 14, the concentration of sucrose in young leaves was significantly reduced by 53 % and 31 %, for the lower and the higher caterpillar density, respectively (Table 2) . Starch was not detected in the bulbs, consistent with previous reports that bulbs of B. rapa are devoid of this metabolite (Hughes and Mitchell 1959) .
In young plants that had been infested with aphids for 7 d, the glucose and fructose concentrations in the mature leaves were significantly reduced in plants infested with the higher compared to those infested with the lower aphid density (Table 2 ), whereas differences between low or high density infestation and the control were not significant. In older plants, carbohydrates were not analyzed.
Glucosinolate Concentrations
In young plants infested with caterpillars for 7 d, glucosinolate concentrations were significantly altered in young leaves, but not in the remaining tissues analyzed, i.e., mature leaves, bulb, and roots (Table 3 and Fig. 3a) . In young leaves, concentrations of the aliphatic glucosinolate gluconapin decreased significantly compared to control plants by 8 % and 13 % after 7 d of initial caterpillar infestation, and by 50 % and 58 % after 14 d, for both the lower and the higher caterpillar density, respectively (Table 4) . C o n c e n t r a t i o n s o f t h e i n d o l e g l u c o s i n o l a t e 4 -hydroxyglucobrassicin, in contrast, increased significantly compared to control plants 3.6 fold at the lower and 4.9 fold at the higher caterpillar density after 7 d (Table 4) , and concentrations remained higher than those of control plants 7 d following removal of the caterpillars. Concentrations of total glucosinolates increased 1.19 and 1.25 fold at the lower and the higher caterpillar density, respectively, after 7 d but decreased by 35 % and 36 %, respectively, after 14 d. However, these differences were not significant. Mean concentration values of both glucosinolates in caterpillar-infested plants were higher when insect density was higher, but this effect was in most cases not significant (Table 4) .
In young plants infested with aphids for 7 d, significant changes in glucosinolate contents were detected in mature Fig. 2 Relative growth rate of total leaf area (TLA) and bulb mass of young Brassica rapa plants infested with two different densities of Pieris brassicae caterpillars (3 or 9 individuals, respectively) or Brevicoryne brassicae winged aphids (5 or 15 individuals, respectively). Measurements were made 14 d after the onset of infestation. RGR Relative growth rate. Two-way ANOVAs tested the effect of insect density on the RGR of TLA and on bulb mass. Contrasting letters refer to significant differences (Tukey HSD post hoc test, with α=0.05). N=10 plants per density treatment (Tables 3 and 4 ) and in the bulb (Tables 3 and 4 , Fig. 3b ), but not in the other tissues analyzed (Table 3) . In mature leaves, a significant reduction of the aliphatic glucosinolate gluconapin was recorded compared to the control, regardless of aphid density (Table 4 ). In the bulb, in contrast, total glucosinolate content significantly increased in response to aphid herbivory at either density (Table 4 ). The higher aphid density led to 2.1 and 2.8 fold increases in the concentrations of the aliphatic glucosinolates glucoerucin and gluconapin, respectively, after 7 d of initial aphid infestation, and to 1.3 and 2.3 fold increases after 14 d (Table 4 and Fig. 3b) . Similarly, the concentration of the aromatic glucosinolate gluconasturtiin increased 2.8 fold after 7 d and 1.5 fold after 14 d (Table 4 and Fig. 3b) . Concentrations of the indole glucosinolates 4-hydroxyglucobrassicin and glucobrassicin increased 2.3 fold in both cases after 7 d, and decreased after 14 d but were still 2.3 fold higher compared to control plants (Table 4 and Fig. 3b ). Concentrations of total glucosinolates also increased 2.5 fold after 7 d and 2.0 fold after 14 d (Table 4 and Fig. 3b ). The lower aphid density led to a 1.6 fold increase of the aromatic glucosinolate gluconasturtin after 7 d, while after 14 d, the difference to the control was no longer significant in the bulb. The concentrations of the two indolic glucosinolates 4-hydroxyglucobrassicin and glucobrassicin increased 1.7 and 2.0 fold, respectively, after 7 d, and 2.3 and 2.4 fold after 14 d compared to the control. Overall concentrations of total glucosinolates increased 1.7 fold after 7 d and remained 1.6 fold higher after 14 d (Table 4) . A MANOVA (Pillai's trace test) was conducted for each plant tissue and for both young and older plants. Significant ANOVAs were followed by Tukey HSD post hoc tests with α=0.05
N=10 plants per density treatment Fig. 3 Glucosinolate concentrations in young Brassica rapa leaves (a) or bulbs (b) of undamaged control plants vs. plants subjected to a Pieris brassicae caterpillars (9 per plant) or b Brevicoryne brassicae winged aphids (15 per plant). * = statistically significant differences (two-way ANOVAs followed by Tukey HSD post hoc tests, with α=0.05) (see Table 4 for details).
N=10 plants per treatment
In older plants infested with either caterpillars or aphids, glucosinolate concentrations were not significantly influenced by the herbivore infestations (Table 3) .
Discussion
We evaluated how Brassica rapa plants respond to mild herbivore stress inflicted by two different specialist insect herbivores from contrasting feeding guilds, the caterpillar Pieris brassicae, a chewing leaf-feeder, and the aphid Brevicoryne brassicae, a sucking phloem-feeder. We addressed herbivory effects on plant morphometric growth parameters as well as on primary and secondary metabolites. Findings indicate that the Brassica plant responds differently to the mild stress inflicted by the two herbivores at all three plant levels analyzed, and that such mild stress might have a beneficial effect on edible plant organs. This study provides evidence of plasticity in terms of plant response to mild insect herbivory and demonstrates the potential benefits of such herbivory for plant yield. Plant Growth and Primary Metabolism When young Brassica plants were exposed to mild herbivory by the chewing leaf-feeder P. brassicae, a tendency for increase in bulb mass was observed. This trend was stronger when plants were subjected to lower than to higher insect density. While the increase in mass was apparent when herbivores were removed (i.e., 7 d after initial caterpillar infestation), it became more accentuated after an additional 7 d. This trend also was noted in the evaluatory threshold experiment with both caged and uncaged insects. In an outdoor and glasshouse study with potato, biomass increases were reported when tubers (but not leaves) were exposed to larvae of the specialist Guatemalan potato moth T. solanivora (Poveda et al. 2010) . In that study, undamaged tuber biomass increases more than 200 % in field and pot experiments. However, interpretation of these data remains difficult as information on factors that might have affected the above-ground tissues were missing. In a different study, an almost 1.5-fold increase in biomass allocation to the roots was documented when the spotted knapweed Centaurea maculosa (Asteraceae) was subjected to herbivory by two specialized root feeders, the weevil Cyphocleonus achates and the moth Agapeta zoegana (Steinger and Müller-Schärer 1992) . Compensatory or overcompensatory growth of the root or the tuber system appears to be a mechanism to improve plant performance and immunity, especially against soil-borne herbivores (Erb et al. 2012) . As shown in our evaluatory threshold experiment (Fig. 1) , herbivore density is critical for the expression of this effect: At high herbivore density, total shoot photosynthesis will be reduced, which necessarily leads to an overall reduction of the potential to deliver carbohydrates towards the root system. Future experiments should test whether even lower insect densities than those applied here could lead to significant effects on bulb growth and yield. Plants responded to herbivory by the chewing leaf-feeder, at both densities, with changes in carbohydrate allocation. We noted that sucrose concentration decreased in young leaves at both insect densities, and that starch increased at the higher density. A similar situation was reported for chinese cabbage B. rapa ssp. pekinensis cv. Kantonner infested with low densities of Phaedon cochleariae chrysomelid beetles (Rostás et al. 2002) . In that study, sucrose concentration in leaves decreased by 30 % with infestation with five second-instar beetle larvae. In our study, the lower caterpillar density led to a decrease in mean glucose concentration in the bulb, with significant difference at 7 d after infestation. Glucose is the main storage carbohydrate in the bulb. It seems that the diversion of carbohydrates from the shoot into the unaffected bulb (or root) system to support later regrowth is not a survival strategy against mild herbivory by P. brassicae.
Upon herbivory by the sucking phloem-feeder B. brassicae, Brassica plants responded with significantly increased relative growth rates in total leaf area at both insect densities. This effect was apparent upon herbivore removal 7 d after infestation, and became even more accentuated after an additional 7 d. The mature leaves of plants subjected to the lower aphid density had significantly increased concentrations of glucose and fructose compared to leaves from plants infested with the higher aphid density, and mean concentrations of these monosaccharides were consistently higher in the herbivore-stressed than in the control plants. These results point towards a preferential flow of carbohydrates into the mildly attacked tissue of the plant. Recently, aphid salivary secretions were shown to affect primary metabolism (Giordanengo et al. 2010; Goggin 2007 ). Thus, it is possible that aphid secretions induced the increased flux of carbohydrates towards the mildly infested organs, which could have subsequently stimulated the growth of non-affected leaves.
Our comparative study with a chewing and a sucking herbivore are concordant with studies on the effects of S. littoralis caterpillars and T. urticae spider mites on cotton (Schmidt et al. 2009 ); and of M. persicae and B. brassicae aphids and S. exigua and P. rapae caterpillars on A. thaliana (Mewis et al. 2006) . All these studies suggest that different herbivore feeding guilds can stimulate substantially different patterns of compensatory plant growth and primary metabolism in various plant organs.
Glucosinolate Concentrations
The two insect herbivores from contrasting feeding guilds also generated different responses on glucosinolate profiles of B. rapa plants. In response to herbivory by the chewing leaf-feeder P. brassicae, both at the lower and higher density, the plant defense response was diverted towards young leaves, as exemplified by the down-regulation of aliphatic and the up-regulation of indolic glucosinolates. This effect lasted 7 d after herbivore removal. Similarly, when the brassicacean A. thaliana was infested with P. rapae caterpillars, there was an increase in indol glucosinolates of about 20 % compared to control plants and a concomitant reduction of aliphatic glucosinolates (Mewis et al. 2006 ). An induction of indolic glucosinolates and a concomitant reduction of aliphatic glucosinolates seem to be a general brassicacean plant response to herbivory (Textor and Gershenzon 2009) , although different guilds might have distinct effects on glucosinolate profiles (Mewis et al. 2006) . Cross-talk between the biosynthetic pathways leading to the formation of indolic and aliphatic glucosinolates seems to underlie the contrasting effects on glucosinolate induction upon herbivory (Beekwilder et al. 2008) .
A different response was observed on B. rapa plants challenged by B. brassicae aphids. In this case, infested plants did not show any up-regulation in glucosinolate-based defense in leaves. On the contrary, down-regulation of only one aliphatic glucosinolate was observed in mature leaves. Similarly, aliphatic glucosinolates concentrations decreased in Chinese cabbage plants challenged by low densities of the chrysomelid beetle P. cochleariae (Rostás et al. 2002) . However, in the bulb, total and individual glucosinolate concentrations increased upon herbivory by the aphids. Two aliphatic, one aromatic, and two indolic glucosinolates increased during the aphid infestation. This effect was long lasting, in most cases being apparent even 7 d after aphid removal, and was in all but one case stronger when plants were exposed to the higher aphid density. Aphids recently were shown to trigger a weaker induction of plant glucosinolates than chewing insects (Mewis et al. 2005; Textor and Gershenzon 2009 ). However, none of those studies dealt with aphids on a bulb-producing plant. Here we showed that increases of glucosinolate concentrations in the bulb were typically on the order of a factor two to three, which demonstrates that specialist aphids are indeed capable of inducing prominent effects on glucosinolate concentrations, even at mild infestation densities. The increased concentration of glucosinolates in the bulb might repel soil-borne herbivores or microorganisms from the weakened, slowergrowing bulb (Van der Putten et al. 2001) . This, in turn, might facilitate continuous functioning of the plant at a sufficient fitness level while still allowing the aphid to continue feeding on the attacked plant. In future studies, it will be interesting to elucidate whether aphids are manipulating the induction.
Most studies dealing with herbivore induction of glucosinolates have made measurements at the time of herbivory or shortly thereafter (i.e., 24 or 48 h) (Textor and Gershenzon 2009 , and references therein). In our study, plant glucosinolate levels were assessed prior to insect infestation, at the time of insect removal after 7 d, and finally 14 d after the onset of the experiment. Thus, to our knowledge, our study provides the first evidence for sustained levels of glucosinolate induction after herbivory. The fact that the Brassica plants maintained relatively high levels of induced glucosinolates for a long time span might indicate that the cost of their production is not as high as generally predicted, or as shown for other plantherbivore systems (Hern and Dorn 2001; Paré and Tumlinson 1999) . Alternatively, an additional benefit to plants, such as protection against further herbivore or microorganism attack, is derived from such a prolonged induced response.
Effect of Plant Age
No changes in plant growth parameters were observed in older plants challenged by either caterpillars or aphids at either density. Neither were there significant changes in glucosinolate levels detected in these plants (carbohydrates were not analyzed). Thus, plant age seems to be a critical factor for potential overcompensation of mild herbivory in B. rapa plants, strengthening and expanding the conclusions on plant compensation for arthropod feeding by Trumble et al. (1993) in their review paper.
Outlook and Conclusion Plant defense responses against a particular herbivore may be influenced by other herbivores that compete for that plant as a key resource (Agrawal 1998; Delaney and Macedo 2001) . Previous infestation of B. oleracea plants by B. brassicae aphids facilitates the growth and development of P. brassicae caterpillars through the attenuation of jasmonic acidrelated plant defenses by the aphids, which facilitates the growth and development of P. brassicae (Soler et al. 2012 ). This positive effect was less pronounced when caterpillars and aphids simultaneously infested the plant. In contrast, a less damaging sucking herbivore, the mirid bug Tupiocoris notatus, rendered tobacco plants more resistant to a more damaging insect, the chewing herbivore Manduca quinquemaculata. The mirid bug elicited direct and indirect defenses based on the accumulation of secondary metabolites and proteinase inhibitors in the leaf tissue, resulting in a slower growth of Manduca larvae and a preferential attraction of a predator to this less mobile herbivore (Kessler and Baldwin 2004) . Thus, it would be interesting to test whether different patterns of plant compensatory growth and metabolite inductions would be observed if B. brassicae and P. brassicae were to feed sequentially, or even simultaneously on our model Brassica plant.
In summary, we showed here that B. rapa plants display plasticity in plant responses when attacked by either one of two insect herbivores from contrasting feeding guilds. Such responses were characterized by different compensatory organ growth and glucosinolate induction patterns. Brassica rapa plants infested with caterpillars responded to insect herbivory with a tendency to increase bulb mass, and by contrasting regulation of aliphatic and indolic glucosinolates in the leaves. In contrast, plants challenged by aphids responded with an overcompensatory leaf growth and with an increase in glucosinolate concentrations in the bulb, the most important storage organ of B. rapa. Our results suggest that mild herbivore stress has the potential to induce beneficial effects on the yield of edible plant organs, comprising here leaves and bulb. Thus, in future application-oriented studies it will be important to derive the optimum level of damage to elicit positive effects on yield and to pinpoint the most susceptible developmental stage of the plant. Optimization of such approaches might turn herbivorous insects into beneficial actuators from the perspective of human exploitation of agroecosystems.
